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Comparisons of Two Methods for Haplotype
Reconstruction and Haplotype Frequency Estimation
from Population Data
To the Editor:
Haplotype reconstruction is an important issue, both in
population genetics and in the identification of complex
disease genes. Stephens et al. (2001) proposed a new
statistical method (called the “PHASE method” in the
following discussion, after the name of their computer
program) for haplotype reconstruction based on phase-
unknown marker genotype data from unrelated individ-
uals in a population. On the basis of their simulations
using coalescent models, they found that the PHASE
method can reduce the error rate by 150% relative to
the maximum-likelihood method, implemented via the
expectation-maximization (EM) algorithm (Xie and Ott
1993; Excoffier and Slatkin 1995; Hawley and Kidd
1995; Long et al. 1995). One limitation of their study
is the fact that their simulations are based on coalescent
models, which may not be good approximations of hu-
man population evolutionary histories. In fact, the au-
thors acknowledge that “there simply do not exist
enough real data sets, with known haplotypes for se-
quence or closely linked markers, to allow sensible sta-
tistical comparisons of different methods” (Stephens et
al. 2001; p. 982). In this letter, we report a comparison
of the two methods; our comparisons involve phase-
known genotype data sets, as well as simulations using
empirical population haplotype frequency data. Our re-
sults show that, in general, for most of the populations
studied, there is no significant difference between the
PHASE method and the EMmethod, both in the average
error rate for haplotype reconstruction and in the dis-
crepancy (see the report by Stephens et al. [2001] for
definitions of these measures) between the estimated and
true sample haplotype frequencies.
For our simulations based on empirical population
haplotype frequency data, we used population haplotype
frequencies for four loci (RET, COMT, HOXB and
D4S10, with 3, 4, 5, and 6 polymorphisms, respectively)
found in samples of four populations: European Amer-
icans, San Francisco Chinese, Biaka, and Maya. We use
these four populations to represent the populations from
four different continents. Descriptions of the popula-
tions and of the samples of those populations, as well
as the haplotype definitions, can be found in ALFRED
(Osier et al. 2001; ALFRED Web site). For each locus
and each population, we randomly chose 2n haplotypes
according to the haplotype frequencies and then ran-
domly paired the haplotypes to form a population of n
individuals with phase-known genotypes. The abilities
of the two methods to reconstruct these haplotypes from
the resulting data, ignoring phase information, were then
evaluated. Twenty independent replicates for each pop-
ulation-locus combination were generated to compare
the two haplotype reconstruction methods.
To estimate the haplotype frequencies, we imple-
mented the EM algorithm in a computer program that
analyzes the simulated data sets with the starting point
of equal frequencies for every possible haplotype. We
expect that any of the programs implementing the EM
algorithm should yield similar results. Following Ste-
phens et al. (2001), we specify the haplotype pair for an
individual by choosing the most probable haplotype pair
consistent with the individual’s multisite genotype. The
program developed by Stephens et al. (2001) was used
to evaluate the performance of the PHASE method with
Figure 1 Comparisons between the EM method (dotted lines) and the PHASE method (solid line) for genotype data at the RET site, with three single-nucleotide polymorphisms (SNPs). For
each scenario, we generate 20 independent data sets and, thus, each point represents an average of 20 simulated data sets. Vertical lines (left line for the PHASE method and right line for the EM
method) show approximate 95% confidence intervals for the estimates (standard error p 2).
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Figure 2 Comparisons between the EM method (dotted lines) and the PHASE method (solid line) for genotype data at the COMT site, with four SNPs. Conditions of each scenario, format of
the graphs, and standard error are the same as those described in figure 1.
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Figure 3 Comparisons between the EM method (dotted lines) and the PHASE method (solid line) for genotype data at the HOXB site with five SNPs. Conditions of each scenario, format of
the graphs, and standard error are the same as those described in in figure 1.
Figure 4 Comparisons between the EM method (dotted lines) and the PHASE method (solid line) for genotype data at the D4S10 site with six SNPs. Conditions of each scenario, format of
the graphs, and standard error are the same as those described in figure 1.
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Table 1
Comparisons between the EM Method and the PHASE Method, Using a Set of Phase-Known Data Sets at the CD4
Locus
POPULATION
NO. OF
INDIVIDUALS
NO. OF DOUBLY
HETEROZYGOUS
INDIVIDUALS
NO. OF INCORRECTLY
RECONSTRUCTED INDIVIDUALS
DISCREPANCY BETWEEN
TRUE AND ESTIMATED
HAPLOTYPE FREQUENCIES
EM Method PHASE Method EM Method PHASE Method
Biaka 53 8 3 3 .045 .057
Bantu 40 15 3 1 .089 .025
Herero 42 7 1 1 .024 .024
Mbuti 37 6 4 0 .086 0
Nama 32 5 2 2 .069 .069
Sekele 51 10 2 2 .036 .039
Wolof 46 13 3 3 .057 .065
Somali 24 5 0 0 0 0
Zu Wasi 44 5 2 2 .045 .034
Total 369 74 20 14 .05a .034a
a Represents mean value for all nine populations.
the default parameter values in theMarkov chainMonte
Carlo simulations—that is, with 10,000 iterations, a
thinning interval of 100, and a burn-in value of 10,000.
The comparison results for the four loci (each locus
across four populations) are summarized in figures 1, 2,
3, and 4. The results show that, for almost all the cases
we considered, the discrepancies between the estimated
haplotype frequencies and the true haplotype frequencies
are almost the same for the two methods. The average
errors in haplotype reconstruction show slight differ-
ences across the four loci. The PHASE method gave bet-
ter results than did the EM method, for the RET data
sets with three polymorphisms; however, the EMmethod
was better overall than the PHASE method for the other
three loci—that is, for COMT, HOXB, and D4S10. The
biggest difference between the results of the PHASE
method and those of the EM method was found for the
RET gene in the Biaka population. For this particular
population/locus combination, only four of a possible
total of eight haplotypes were inferred to be present,
with the following haplotype frequencies: P(000)p
, , , and.089 P(001)p .747 P(011)p .029 P(101)p
. In the above notation, the two alleles at each poly-.089
morphism are represented by 0 and 1, respectively. This
situation seems optimal for a coalescent model, since
each of the three uncommon haplotypes is one mutation
away from the single very common haplotype. Samples
drawn from this population would have few double het-
erozygotes, and a coalescent model would favor infer-
ring the presence of haplotypes that are only one step
away from the common haplotypes, rather than a hap-
lotype two steps away. On the other hand, the EM al-
gorithm will not add that bias. Despite the differences
between the two methods, from the approximate 95%
confidence intervals shown in the figures, we can see that
there is no significant difference between these twometh-
ods, for most of the cases.
In our comparisons based on phase-known data sets,
we used a subset of Tishkoff et al.’s (2000) CD4 ge-
notype data, for nine populations (Biaka, South African
Bantu, Herero, Mbuti, Sekele, Wolof, Somali, and Zu
Wasi). Two markers, an Alu deletion polymorphism (2
alleles) and a microsatellite marker (12 alleles), were
typed at CD4, and phases of doubly heterozygous in-
dividuals were determined molecularly (Tishkoff et al.
2000). The data and the results obtained by the EM
method and the PHASE method are summarized in table
1.
There are a total of 74 doubly heterozygous individ-
uals in nine populations. The error rates of the EM and
the PHASE methods for haplotype reconstruction are
27% and 19%, respectively. The average discrepancies
between haplotype estimates for the EM and PHASE
methods are 5% and 3.4%, respectively. Therefore,
across all of these nine populations, the PHASE method
improved on the EM method by 130%; however, it can
be seen from table 1 that the improvements did not come
from across all of the populations. Instead, the two
methods had identical performance in haplotype recon-
struction for seven populations. In terms of average dis-
crepancies, the PHASE method is better than the EM
method for three populations, and the EM method is
better than the PHASE method for three other popu-
lations. In the two populations for which the PHASE
method outperformed the EM method—that is, the
Bantu and Mbuti—the cause of the poorer performance
of the EM method is the same as that for the simulation
results based on empirical population haplotype fre-
quency data. We note that even for the populations in
which the two methods yielded the same number of in-
912 Letters to the Editor
correctly reconstructed individuals, an individual may
be reconstructed correctly by the Phase method but not
by the EM method; on the other hand, an individual
may be reconstructed correctly by the EM method but
not by the Phase method.
In the present study, we have compared the EM
method with a recently proposed haplotype reconstruc-
tion method (Stephens et al. 2001), through use of em-
pirical population haplotype frequency data and phase-
known genotype data sets. The PHASE method is based
on the coalescent theory; however, it is likely that a sim-
ple coalescent model will not be a good representation
of the actual history of a human population because of
fluctuating population size, migration, and other factors.
If the model is not appropriate, analyses that assume the
model cannot be expected to yield more-accurate esti-
mates of haplotype frequencies than analyses making no
historical assumptions. The degree to which such a
model is representative may vary according to popula-
tion and locus. In the results of our simulations using
empirical population haplotype frequency data, the
PHASE method showed no improvements over the EM
method, except at the RET locus in an African popu-
lation. For the nine African populations in which hap-
lotypes were inferred through molecular methods, the
EMmethod and the PHASEmethod yielded almost iden-
tical results in seven populations, and the PHASE
method did outperform the EMmethod in the other two
populations. Therefore, our systematic comparisons sug-
gest that the PHASE method may not yield consistently
significantly improved estimates; this is contrary to the
consistent improvements observed by Stephens et al.
(2001). In summary, across all of the examples studied,
the PHASE method did not yield significantly different
results from a simple maximum-likelihood procedure.
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Reply to Zhang et al.
To the Editor:
Stephens et al. (2001) (henceforth referred to as “SSD”)
introduced a new statistical method for haplotype re-
construction, called “PHASE,” that has three major ad-
vantages over existing approaches, including EM. The
letter from Zhang et al. (2001 [in this issue]) (henceforth
referred to as “ZPKZ”), questions one of these—namely,
the increased accuracy of PHASE.
ZPKZ report two kinds of comparisons. The first is
based on “empirical population haplotype frequency
data,” and the second is based on data for which the
true phase is determined experimentally. Only the second
of these types is actually based on “real” data in the
usual sense, and when these data are used, PHASE does
considerably outperform EM. We report comparisons
below, using three other real data sets. In each case,
PHASE provides haplotype reconstructions that are
more accurate than those provided by EM, sometimes
considerably so.
